Mutations in the androgen receptor (AR) gene cause a range of phenotypic abnormalities of male sexual development. At one end of the spectrum are individuals with complete androgen insensitivity (complete testicular feminization) who exhibit normal breast development and female external genitalia. At the other extreme are individuals with male phenotypes that are characterized by either subtle undervirilization or infertility. Studies in a number of different laboratories have identified mutations of the AR gene in subjects with androgen resistance syndromes. Defects that interrupt the AR open-reading frame have been traced to a number of distinct types of genetic alterations, have been identified in widely separated segments of the AR gene, and are invariably associated with the phenotype of complete androgen insensitivity. By contrast, mutations that cause single amino acid substitutions within the AR are localized to the DNA-or ligand-binding domains of the receptor protein and have been associated with the full range of androgen-resistant phenotypes. Regardless of the nature of the mutation, functional studies and assays of AR abundance suggest that the phenotypic abnormalities that result from mutation of the AR are the result of the impairment of receptor function, decreases in receptor concentration, or both.
I. Background
The description of androgen-resistant states built upon the recognition that endocrine disorders would likely result from abnormalities in the capacity of target tissues to respond appropriately to selected hormones (Albright, 1942) . In 1953, Morris provided a detailed modern description of the syndrome that he termed testicular feminization, which he identified as a "recognizable syndrome found in patients who are essentially normal-appearing women, but who have undescended testes in place of ovaries" (Morris, 1953) . Subsequent investigators presented evidence suggesting the insensitivity of end organs to the actions of androgens (Wilkins, 1957) . Further investigators amassed information suggesting that distinct phenotypes might be the result of similar, but less severe, abnormalities (Reifenstein 1947 , Rosewater et al., 1965 Morris and Mahesh, 1968) Careful endocrine studies, coupled with family studies, suggested that these syndromes were likely the result of variable defects of the same or similar genes (Wilson et al., 1974) .
Defects of the androgen receptor (AR) are common, compared to mutations of other members of the nuclear receptor family. In addition to the frequency of patients with clinical androgen resistance, the AR is unusual in the range of abnormal phenotypes that have been identified and traced to AR defects. Several features of the AR are believed to contribute to the frequency and diversity of the disorders that have been identified. First, the AR gene is located on the human X-chromosome (Migeon et al., 1981) . For this reason, in normal 46,XY males, only a single copy of the AR gene is present. Consequently, any defect of function of the single AR gene present in normal genetic males and which is responsible for mediating the responses to androgen will result in an abnormality of male phenotypic development. Second, such defects of virilization are frequently evident at birth and thus are likely to precipitate investigations to determine their cause. Finally, even complete defects of the AR are compatible with life and individuals affected by such disorders are available for ascertainment.
II. Classification on Clinical and Biochemical Grounds
The phenotypic abnormalities that accompany androgen-resistant states can is be viewed as a continuum that relates directly to the extent to which the androgen-mediated processes of male sexual development have been disturbed. In patients in whom AR function is completely absent, none of the androgendependent internal or external male structures develop. By contrast, a range of intermediate phenotypes results in cases where AR function is partially preserved (Griffin, 1992; Quigley et al., 1995; Griffin et al., 2001) . As was noted, these syndromes have been identified clinically using a variety of terms, including the Reifenstein syndrome, partial androgen insensitivity, and incomplete testicular feminization. Some authors have defined more-detailed systems with which to grade the degree of virilization in patients with partial forms of androgen insensitivity (Quigley et al., 1995) .
In parallel with the recognition of the clinical syndromes, the study and diagnosis of AR defects was greatly aided by the development of methods to measure the intracellular protein that binds androgens with high affinity. These methods -applied to whole-cell and broken-cell assays -permitted the initial characterization of the receptor that mediated the actions of androgens and the definition of methods to measure and characterize the level and physical properties of this protein in tissues and in cells (Pinsky et al., 1981; Griffin and Durant, 1982; Brown et al., 1992) . When applied to fibroblasts established from patients with these disorders, these techniques led to the recognition of a number of quantitative and qualitative abnormalities of androgen binding in patients with androgen resistance (Figure 1 ).
Several features became apparent from such studies. First, the binding abnormalities fell into three broad categories: absent ligand binding, decreased levels of qualitatively normal ligand binding, and qualitative ligand-binding defects. In approximately 20% of patients in one series (Griffin et al., 2001) , no quantitative or qualitative defect of the AR could be discerned. Second, such studies made it clear that although some types of defect were more frequent in some categories (e.g., a predominance of samples in which ligand binding was undetectable), no direct relationship existed between the clinical phenotype and the abnormality of ligand binding that was observed (Figure 1 ).
III. Cloning and Structure of the Androgen Receptor
Although progress in the characterization of many steroid receptors progressed rapidly in the 1970s and 1980s, the AR proved to be a difficult protein to purify. For this reason, specific antibodies were not available and information regarding the nature of the AR abnormalities causing the different states of AR resistance did not advance until the cloning of cDNAs encoding the AR (Chang et al., 1988; Lubahn et al., 1988; Faber et al., 1989; Tilley et al., 1989) .
These studies revealed that the AR is a prototypic member of a large gene family: the nuclear receptor family (Mangelsdorf et al., 1995; Zoppi et al., in press ). This family includes the classic steroid receptors as well as a large number of related proteins such as the receptors for thyroid hormone, vitamin D, and retinoic acid.
Members of this gene family possess a similar organization. Each protein contains a central DNA-binding domain and a carboxyl terminal ligand-binding domain (LBD). In addition, each predicted protein sequence contains an aminoterminal segment that is of variable length. This amino terminus is required for full transcriptional activity and is believed to represent the sites of important intramolecular and intermolecular contacts. In the case of the AR, the cDNAs isolated for the human AR predicted a protein approximately 917 amino acids long ( Figure 2 ). In keeping with its large size, the human AR contains a large amino terminus that comprises nearly half of the molecule. Of interest, this amino-terminal segment contains three direct repeats of amino acid residues: one each containing glutamine, proline, and glycine residues. Expansion of the size FIG. 2. The predicted amino acid sequence of the human AR. The organization of the human AR is similar to that of the other nuclear receptors. The receptor contains a central DNA-binding domain (DBD) (residues 553-623) that mediates the high-affinity binding of the AR to target DNA sequences and a carboxyl terminal ligand-binding domain (LBD) (residues 692-919) that mediates the high-affinity binding of hormone. The amino terminus of the receptor comprises approximately half of the molecule (residues 1-550) and is required for full transcriptional activity (Gao et al., 1996) . The predicted amino acid sequence of this segment of the human AR is unusual in that it contains three segments that are composed of direct repeats of single amino acid residues (homopolymeric repeats). These repeat elements, each located within the amino terminus of the protein, are not unique to the AR and have been identified in other transcription factors, including other members of the steroid receptor family. The amino acid coordinates employed here and throughout the text are those of Lubahn (Lubahn et al., 1988) . of this glutamine homopolymeric segment has been associated with the pathogenesis of the spinal and bulbar muscular atrophy (Kennedy's disease) (La Spada et al., 1991) .
IV. Mutations of the Androgen Receptor Gene and Androgen Resistance Syndromes
As noted earlier, the AR was originally identified and characterized using assays to measure levels of tritiated androgen binding in intact cells and in cell homogenates. As the techniques to measure AR function and to identify mutations within the AR gene have become widely available, it has become possible to view the androgen-resistant states from perspectives that are more directly related to the effects that such mutations exert on receptor expression levels, structure, and function.
A. INTERRUPTION OF THE ANDROGEN RECEPTOR OPEN-READING FRAME
A number of different types of genetic defects can cause interruptions of the primary sequence of the human AR, including large-or small-scale deletions, insertions, and mutations that result in alterations of AR mRNA splicing. Although each of these mechanisms is the result of different genetic events, in each instance, the resulting mutant AR protein differs from the normal human AR, either by premature truncation of the receptor protein or by the addition or removal of amino acids from the receptor sequence. As noted above, the critical hormone-binding and DNA-binding domains of the AR are localized to the carboxyl-terminus of receptor protein. For this reason, mutations that result in premature termination of the receptor have a dramatic effect on receptor function when introduced at virtually any position within the primary amino acid sequence, as these critical segments will be lacking. By contrast, alterations that serve to insert or remove single or multiple amino acids (small insertions or deletions) cause androgen resistance only when occurring within the DNA-or hormone-binding segments of the receptor protein (Figure 3) .
B. MUTATIONS IN THE DNA-BINDING DOMAIN OF THE ANDROGEN RECEPTOR
In up to 20% of patients with clinical androgen resistance supported by endocrine studies or family histories consistent with a defect of the AR, abnormalities were not identified in monolayer assays of ligand binding by the AR (Griffin et al., 2001) . AR gene structure from a number of such pedigrees has been analyzed. In most instances, amino acid substitutions have been detected within the DNA-binding domain of the AR. In studies by Zoppi (Zoppi et al., 1992) , amino acid substitutions were localized to critical residues within the DNA-binding domain of the AR in four unrelated subjects with complete or nearly complete forms of androgen resistance. Experiments examining the physical attributes of these mutant receptors in heterologous cells demonstrated that these mutant receptors bound ligand with normal or near-normal affinity, as FIG. 3 . Genetic mutations of the AR genes cause different abnormalities of androgen binding. The AR gene mutations identified in patients with androgen resistance exhibiting distinct abnormalities of androgen binding in genital skin fibroblast monolayer-binding assays are presented. Gene defects that interrupt the primary amino acid sequence of the AR are associated with the absence of androgen binding, whether caused by the insertion of premature termination codons, deletions, insertions, or alterations of AR mRNA splicing. Amino acid substitutions in specific segments of the AR LBD also can lead to the expression of undetectable androgen binding in genital skin fibroblast cultures, although, in most instances, the levels of immunoreactive AR are near normal (Avila et al., in press ). Qualitative abnormalities of androgen binding are caused by amino acid substitutions in the LBD of the receptor protein. It is evident that the positions of the amino acid replacements causing absent androgen binding and qualitative defects are similar. It appears that the differences between these two categories reflect the degree to which the structure of the AR LBD is disrupted. Amino acid substitutions within the DBD of the AR are frequently identified in samples exhibiting normal levels of qualitatively normal androgen binding. Decreased levels of qualitatively normal androgen binding are traced to mutations that diminish the level of intact AR that is synthesized. The coordinates utilized in this figure and throughout the text are those of Lubahn (Lubahn et al., 1988) . was observed in fibroblast samples from the same patients. Although these studies confirmed the normal ligand-binding properties of the mutant receptors, transfection studies demonstrated that each was markedly impaired in terms of function. In vitro experiments to measure the capacity of the mutant ARs to bind to DNA showed that each was unable to bind normally to target DNA sequences. Similar results have been obtained in studies conducted in a number of different laboratories to analyze similar groups of patients with complete or partial forms of androgen resistance (Lumbroso et al., 1993; Mowszowicz et al., 1993; Sultan et al., 1993; Beitel et al., 1994b; De Bellis et al., 1994) . These findings suggest that the AR defects in this patient group comprise a relatively homogeneous group from a mechanistic standpoint. Mutations of this type alter the structure of the DNA-binding domain of the receptor and interfere with the capacity of the receptor to recognize specific target DNA sequences.
C. MUTATIONS IN THE LIGAND-BINDING DOMAIN OF THE ANDROGEN RECEPTOR
Single amino acid substitutions in the LBD of the AR represent the most-frequent type of mutation that is identified in patients with androgen resistance. These individual amino acid replacements account for approximately 60% of the mutations identified in patients with clinical defects of androgen action and are most often the result of single nucleotide substitution mutations. Substitution mutations of the AR LBD have been identified in patients with the entire range of androgen-resistant phenotypes. The mutations can be divided into two categories, based on the effects on the binding of ligand in patient fibroblast samples: absence of detectable ligand binding and qualitative abnormalities of ligand binding.
D. UNDETECTABLE LEVELS OF ANDROGEN BINDING IN FIBROBLAST MONOLAYER-BINDING ASSAYS
Although identical when analyzed at the level of monolayer-binding assays (undetectable levels of androgen binding), amino acid substitution mutations in the LBD of the AR in this category are of two types. The first is less frequent and represents the replacement of amino acid residues in critical segments of the LBD. Amino acid substitutions of this type presumably induce major alterations of the structure of the LBD, to the extent that it is no longer capable of interacting with ligand. The mutant receptor described by Marcelli et al. (1994) is one well-characterized mutation of this type. As a result of this amino acid substitution (W741R), a hydrophobic residue within the amino terminal end of helix 5 is replaced that would be predicted to make important contacts with the C ring of testosterone (Mathias et al., 2000; McPhaul, 2000) . In addition to the steric effects that such changes might be expected to exert, the introduction of such a charged residue into this hydrophobic region of the LBD is likely to have dramatic effects on the tertiary structure of the ligand-binding pocket. In functional analyses, mutant ARs of this type cannot bind hormone and cannot activate model reporter genes, even when expressed in heterologous cells (Marcelli et al., 1994) .
Mutant ARs that are completely incapable of binding hormone when assayed following expression in heterologous cells are uncommon. More frequently, when cDNAs encoding such mutant ARs are created and expressed in heterologous cells, they are found to be capable of binding hormone. For example, one strain (strain 105) was categorized originally as ligand-binding negative, based on monolayer ligand-binding assay results. Analysis of the AR gene in this subject revealed a single amino acid substitution (R774C). When cDNAs encoding this mutant receptor were expressed in heterologous cells, however, ligand binding was easily measurable, although altered kinetics and stability were evident (Marcelli et al., 1991) . Additional mutant receptors have been described that display similar properties: 1) relatively normal or near-normal levels of immunoreactive receptor, 2) markedly diminished levels of ligand binding, and 3) measurable levels of ligand binding when expressed in heterologous cells. These discrepancies likely reflect differences in the level of expression and the sensitivity of the assays that are employed to analyze the samples.
E. QUALITATIVE LIGAND-BINDING ABNORMALITIES
Analysis using monolayer-binding assays of the AR present in fibroblast samples from individuals with androgen resistance believed due to AR defects demonstrated normal levels of androgen binding. When fibroblasts from some of these patients were analyzed carefully, discernible differences could be identified when qualitative tests of ligand binding were applied. Such tests included measurements of the affinity of ligand binding, the rapidity with which ligand dissociates from the receptor (accelerated ligand dissociation), and increased susceptibility to thermal denaturation.
With very few exceptions, the naturally occurring mutations causing qualitative abnormalities of ligand binding are single amino acid substitutions localized to the hormone-binding domain of the receptor protein. Furthermore, the distribution of the amino acid substitutions identified in ARs exhibiting qualitative abnormalities of ligand binding is similar to that of amino acid replacements identified in strains in which no androgen binding is detected (McPhaul et al., 1992) . This observation suggests that the type of binding abnormality that is observed is related directly to the degree that the structure of the ligand-binding domain is disrupted. Findings from the study of mutant receptors from pedigrees in which the same amino acid has been mutated to different residues have supported this concept. This concept is most evident in the work of Prior, in which replacement of arginine 774 by cysteine residue leads to androgen resistance and undetectable ligand binding in patient fibroblasts (Prior et al., 1992) . Substitution of the same residue by histidine, a more conservative amino acid replacement, leads to normal levels of androgen binding in fibroblasts that displays a marked thermal lability in in vitro assays. Additional pedigrees have been described in which different amino acid substitution mutations at a single residue have differing effects on the binding of ligand by the receptor, depending of the nature of the amino acid substitution (Ris-Stalpers et al., 1991; Kazemi-Esfarjani et al., 1993; Beitel et al., 1994a) .
The analysis of mutant ARs in assays is straightforward when the receptor protein possesses little or no functional activity. The assessment of qualitatively abnormal ARs is considerably more difficult, as mutant receptors of this class are capable of binding ligand with varying affinity and stability. In this context, the cellular environment and the specific ligands will exert important effects on the results of assays performed to analyze AR function. The work of Marcelli clearly demonstrated this effect (Marcelli et al., 1994) . These investigators examined the properties of a range of mutant ARs that carried different amino acid substitution mutations in the hormonebinding domain. The responsiveness of these ARs was examined using several agonist ligands, including 5 alpha dihydrotestosterone (DHT), testosterone (T), and mibolerone. The experiments were performed using transfection assays in a cell strain in which the metabolism of testosterone and 5 alpha dihydrotestosterone is rapid, similar to the degradation of androgen that occurs in most mammalian androgen target tissues. Results of these experiments varied, depending on the type of ligand employed. When physiologic androgens (e.g., testosterone, dihydrotestosterone) were used to stimulate the mutant receptors, greater deficiencies of function were observed for most of the mutant receptors. In each instance, the nonmetabolizable androgen, mibolerone, was observed to be more potent than either of the two androgens that were subject to metabolic inactivation. The relative ineffectiveness of T and DHT in these experiments could be overcome by repeated additions of these hormones during the course of the hormone stimulation. These results suggested that the stability of the hormone-receptor complexes plays a critical role in the function of the AR and that AR mutations that destabilize the hormone-receptor complex will have a major effect on receptor activity. These results also demonstrate that the environment in which AR function is assessed can have an important modifying influence on the levels of function that are observed, particularly in response to physiologic, metabolizable androgens. These results also indicate that mutant receptors that display qualitative abnormalities of ligand binding can be manipulated pharmacologically. Consistent with this concept, biological responses have been observed to the administration of supraphysiologic levels of androgen (Grino et al., 1989; Tincello et al., 1997) .
F. ANDROGEN RECEPTOR MUTATIONS CAUSING DECREASED LEVELS OF LIGAND BINDING
It appears that the types of mutations identified in this category will be quite heterogeneous and reflect alterations that affect how much AR protein is synthesized.
The first mutation of this class was discovered during the analysis of the AR genes of affected subjects in a pedigree with complete androgen insensitivity. While monolayer-binding assays of fibroblasts established from affected individuals demonstrated measurable, but reduced, levels of a qualitatively normal AR protein, immunoblots were unable to detect immunoreactive AR using an antibody directed at the amino terminus of the AR. Sequence analysis of the AR gene from affected individuals in this pedigree revealed a single-nucleotide substitution that resulted in the insertion of a premature termination codon in place of amino acid residue 60 (Zoppi et al., 1993) . Subsequent analyses using antibodies directed at epitopes within the amino terminus revealed that a smaller form of the AR was synthesized in fibroblasts from affected individuals in this pedigree, accounting for the residual ligand binding that was detected in monolayer-binding assays. More recent studies have established that this shortened form of the AR (termed AR-A, on the basis of its similarity to the A-form of the progesterone receptor) is synthesized by internal initiation at methionine 189 and is expressed at low levels in normal fibroblasts and tissues (Wilson and McPhaul, 1994,1996) . Transfection experiments demonstrated that this AR-A isoform displays subtle differences in function on selected response elements (Gao and McPhaul, 1998) .
The studies of Choong et al. (1996) suggest a somewhat-different mechanism mutation leading to a phenotype of partial androgen insensitivity syndrome (AIS). Analysis of the AR gene in affected subjects identified a single-nucleotide substitution that altered the second amino acid residue (lysine residue in place of the normal aspartate residue) of the AR open-reading frame. Although it was not possible to examine the effects of this mutation in cultured fibroblasts from affected individuals in this pedigree, experiments employing the expression of cDNAs encoding the mutant AR in heterologous cells suggested that the AIS phenotype was caused primarily by the reduced levels of AR expressed due to reduced efficiency of translational initiation.
Additional studies have suggested that alterations in the synthesis of normal AR mRNA can lead to reduced levels of functional AR protein. In the studies reported by Sammarco (Sammarco et al., 2000) , partial androgen insensitivity was associated with reduced levels of apparently normal AR. Analysis of the AR gene in this individual identified an alteration at position ϩ5 of the donor splice site at the junction between exon 6 and intron 6. Analysis of the AR mRNA expressed in cells from the affected individual demonstrated that intron 6 was retained in a large proportion of the AR mRNA. Immunoblot analysis revealed only a small quantity of intact AR. A similar mechanism was proposed to account for the androgen resistance observed in a patient with the Reifenstein phenotype (Ris-Stalpers et al., 1994) .
G. CLINICAL PHENOTYPE AND LOSS-OF-FUNCTION MUTATIONS OF THE ANDROGEN RECEPTOR
The number of AR gene mutations that have been analyzed permits general conclusions regarding the nature of the relationship between clinical phenotype and AR mutation. First, mutations that interrupt the AR open-reading framewhether caused by premature termination, aberrant splicing, or deletion of partial or complete exon segments -are associated with a phenotype of complete androgen resistance. This relationship is the result of the locations of the DNA-and hormone-binding domains at the carboxyl terminus of the AR protein.
As a consequence, alterations that truncate the receptor protein at any point during its synthesis will remove portions of one or both of these important functional domains.
In contrast to mutations that interrupt the AR open-reading frame, amino acid substitutions within the AR sequence are capable of causing all androgenresistant phenotypes. The degree of clinical resistance observed does not appear to correlate with the nature or location of specific mutation. Instead, the phenotype appears to reflect the level of residual AR function that is expressed in the androgen target tissues. In different instances, this diminished level of function may be caused by alterations in the functional capacity of the receptor protein, its level of expression, or combinations of both factors.
